Dear Editor,
Liver exhibits robust regeneration following mechanical damage due to immediate proliferation of hepatocytes. It has been recently reported that hepatocyte replenishment following liver damage could also occur via a reversible transition between hepatocytes and duct-like progenitor cells [1] . Hepatocyte-derived duct-like progenitor cells were observed to expand extensively in the presence of toxic insults and re-differentiate into functional hepatocytes upon cessation of injury [1] . This process was identified as ductal metaplasia of adult hepatocytes in vivo and described as an alternative mechanism for hepatocytes to escape from various chronic injuries [1, 2] . Given the highly proliferative potential of the in vivo hepatocyte-derived progenitor cells, we sought to determine whether an optimal culture condition mimicking the in vivo milieu could be developed to extensively expand functional hepatocytes through reversible transition in vitro.
To this end, we developed a reporter system to screen the factors necessary for hepatocyte-to-ductal cell transition and subsequent expansion of these cells in vitro. YFP-negative mature hepatocytes were purified by FACS-based sorting and percoll density gradient centrifugation from liver of tamoxifen-treated CK19-CreERT/ R26 YFP mice to exclude biliary epithelial cells and resident liver progenitor cells, which were both positive for YFP because of CK19 expression. Almost no YFP -cells were positive for CD133 and EpCAM, suggesting that the isolated YFP -cells were mostly hepatocytes (Supplementary information, Figure S1A and S1B). When cultured in the conventional hepatocyte growth medium (HGM) supplemented with growth factors EGF and HGF [3] , most of the YFP -hepatocytes became YFP + /CK19 + after treatment with 4-OH-tamoxifen (4-OHT) ( Figure  1A , 1B and Supplementary information, Figure S1C and S1D). During this process, expression levels of hepatic genes (Alb, G6pc and Hnf4α) decreased while those of biliary genes (CK7, CK19 and Sox9) increased gradually [4] , further indicating a progressive hepatocyte-to-ductal cell transition (Supplementary information, Figure S1E and S1F). Consistent with what has been previously reported, these in vitro derived duct-like cells expanded for only a short period of time before senescence [3, 5] ( Figure 1C and Supplementary information, Figure  S1G ). With this established reporter system for screening, we optimized the culture condition for maintenance and expansion of the hepatocyte-derived ductal cells over a longer timeframe. A pool of candidate growth factors and bioactive small molecules were selected for screening based on previous findings regarding the survival and growth requirements for hepatic epithelial cells in vivo (Supplementary information, Table S1 ). Candidates were selected based on their ability to (1) activate particular cytokine-and growth factor-mediated pathways involved in regulating liver regeneration; (2) mimic Wnt signals for liver repair and activation of progenitor-like cells after liver damage; (3) regulate Hippo/Yap or Notch signaling pathways for controlling liver cell fate and hyperplasia; and (4) inhibit TGF-β for further promotion of liver regeneration and cell expansion. After systematic testing, a chemically defined culture medium optimal for hepatocyte-to-ductal cell transition and expansion of duct-like cells was eventually established (Supplementary information, Data S1). The transition and expansion medium (TEM) contained growth factors EGF and HGF, agonist of Wnt signaling (CHIR99021), Yap signaling activators lysophosphatidic acid (LPA) and sphingosine-1-phosphate (S1P) [6] , inhibitor of TGF-β signaling (A83-01), and inhibitor of ROCK kinase (Y27632) (Supplementary information, Table S1 ). Removal of any of these individual components negatively influenced the proliferation of duct-like cells, suggesting a synergistic relationship among these factors (Supplementary information, Figure  S1H ).
TEM had much stronger effects in promoting phenotypic transition to duct-like cells and preventing senescence, compared with the previously used HGM supplemented only with EGF and HGF ( Figure 1C and Supplementary information, Figure S1G ). In TEM, duct- Figure S1I -S1K). This is consistent with the proliferation rate of hepatocyte-derived ductal cells observed in vivo [1, 2] . To exclude the possibility that the duct-like cells originated from other liver non-parenchymal cells during cell isolation, we performed genetic lineage tracing of mature hepatocytes using AAV8-TBG-Cre and Rosa26-stop-YFP mice. YFP + hepatocytes were purified from infected mice and cultured in TEM for analysis (Supplementary information, Figure S1L -S1N). These hepatocytes gradually converted to ductlike cells and started to expand in TEM. The proliferative duct-like cells were all positive for YFP (Supplementary information, Figure S1O ), suggesting that they were derived from mature hepatocytes rather than from any other cell types under the defined culture conditions. The established hepatocyte-derived proliferative duct-like cells (hepPDCs) could be serially passaged more than 30 times without apparent morphological changes. Karyotyping analyses of three independently established hep-PDC lines showed that two of them maintained normal chromosome numbers whereas the third one was triploid at passage 15 (Supplementary information, Figure S2A ), which is consistent with the observation that aneuploidy is one of the characteristics of proliferating hepatocytes [7] .
To further characterize hepPDCs, we compared the global gene expression profiles of hepPDCs, primary hepatocytes, primary biliary epithelial cells, in vivo isolated fetal hepatoblasts (E13.5) and adult liver progenitor cells (Foxl1 + hepatic progenitors). hepPDCs clustered closely with primary hepatocytes and hepatoblasts, but were separated from biliary-derived liver progenitors and biliary epithelial cells, strongly supporting their hepatocyte origin ( Figure 1D ). Quantitative gene expression analyses revealed that they expressed markers of hepatocytes and cholangiocytes, as well as liver progenitor-related genes ( Figure 1E ), an expression pattern similar to that seen in hepatocyte-derived liver progenitors in vivo [1] . Collectively, these data show that hepPDCs exhibited liver progenitor features at the transcriptional level.
Given that the in vivo hepatocyte-derived proliferative ductal cells re-differentiated into mature hepatocytes upon cessation of injury [1] , the in vitro hepatocyte-derived ductal cells were thus tested for hepatic differentiation. When cultured in hepatic maturation medium (HMM) [8, 9] , hepPDCs displayed gradual induction of hepatocyte markers and loss of duct markers ( Figure  1F ). The gene expression profiles of re-differentiated hepatocytes from hepPDCs clustered with that of primary hepatocytes ( Figure 1G ). In agreement with the systemic expression of hepatic genes, re-differentiated hepatocytes displayed pronounced hepatocytic morphologies including polygonal cell shapes with binuclei and bile canaliculus formation ( Figure 1H ), and showed a significant increase in expression levels of hepatocyte markers (e.g., albumin expression) and hepatic function (e.g., CDCFDA accumulation in bile canaliculi; Supplementary information, Figure S2B ). Periodic acid-Schiff staining for glycogen revealed that more than 70% of hepPDCs converted into mature hepatocytes after in vitro differentiation (Supplementary information, Figure S2C ). Furthermore, re-differentiated hepatocytes were able to secrete albumin ( Figure 1I ) and metabolize phenacetin, diclofenac, chlorzoxazone and testosterone, suggesting the functional activities of CYP1A/2C/2E/3A ( Figure  1J-1M ). These data support the view that the reversible transition between hepatocytes and duct-like progenitor cells could be recapitulated in vitro at both phenotypic and functional levels [1] .
Next we tested whether hepPDC-derived hepatocytes could act as functional hepatocytes in vivo. Fah -/-mice are defective in tyrosine metabolism and require supplied 2-(2-nitro-4-trifluoromethylbenzoyl)-1,3-cyclohexanedione (NTBC) to survive. The liver injury caused by this disease creates a growth advantage for mature hepatocytes ( Figure 1N ). We intra-splenically injected 2 × 10 6 differentiated hepPDCs into the Fah -/-mice and then withdrew their NTBC supply. Remarkably, 13 out of 17 Fah -/-mice with cell transplantation survived and showed significantly ameliorated liver injury ( Figure 1O and Supplementary information, Figure S2D ). Numerous Fah-positive nodules were present in many liver lobules, which occupied a large part of total liver tissues ( Figure  1P ). The cumulative liver repopulation level ranged from 19.38% to 78.52% (Supplementary information, Figure  S2E ). No tumorigenesis was observed within 13 weeks after transplantation. These results showed that hepPDCs became mature hepatocytes after hepatic differentiation and were competent for prospective cell therapy in liver diseases.
Our study, together with a recent report [10] , articulates a method for in vitro culturing and expansion of functional hepatocytes that does not rely on genetic modification, which is generally needed for generating immortalized hepatocytes or reprograming fibroblasts into hepatocytes [11] . The ability to readily generate hepPDCs from individuals might also allow studies on population heterogeneity in metabolic activities, toxicities and antiviral responses, thus facilitating pharmaceutical development.
